Spin-layer Locked Gapless States in Gated Bilayer Graphene by Jaskólski, W. & Ayuela, A.
Departamento de F´ısica de Materiales, Facultad de Qu´ 
 
 
 
 
Spin-layer Locked Gapless States in Gated Bilayer Graphene  
 
W. Jaskólski∗
  
Institute of Physics, Faculty of Physics,  
Astronomy and Informatics, Nicolaus Copernicus University,  
 Grudziadzka 5, 87-100 Torun, Poland  
 
A. Ayuela  
Donostia International Physics Center (DIPC),  
Paseo Manuel Lardizabal 4, 20018 Donostia-San Sebastián, Spain  
 Centro de F´ısica de Materiales, CFM-MPC CSIC-UPV/EHU,  
Paseo Manuel Lardizabal 5, 20018 Donostia-San Sebastián, Spain and  
 ımic s,  
UPV-EHU, 20018 San Sebastián, Spain  
(Dated: June 18, 2019)  
Abstract  
Gated bilayer graphene exhibits spin-degenerate gapless states with a topological character lo- 
calized at stacking domain walls. These states allow for one-dimensional currents along the domain  
walls. We herein demonstrate that these topologically protected currents are spin -polarized and  
locked in a single layer when bilayer graphene contains stacking domain walls decorated with mag- 
netic defects. The magnetic defects, which we model as π-vacancies, perturb the topological states  
but also lift their spin degeneracy. One gapless state survives the perturbation of these defects, and  
its spin polarization is largely localized in one layer. The spin-polarized current in the topological  
state flows in a single layer, and this finding suggests the possibility of effectively exploiting these  
states in spintronic applications.  
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I. INTRODUCTION 
Bilayer graphene (BLG) has attracted a great deal of attention because it can exist with  
a variety of stacking arrangements with intriguing electronic properties [1, 2]. Of particular  
note is the revival of interest in twisted layers of graphene due to their superconductivity  
[3]. In the search for graphene-based systems for nanoelectronic applications [4-10], Bernal- 
stacked BLG has considerable promise as it possesses a tunable energy gap under an applied  
gate voltage [11-14].  Furthermore, gated BLG containing stacking domain walls (SDWs)  
shows conducting gapless states, which are topologically protected and well defined in terms  
of the valley index [15-18].  These states continue to attract attention for their potential  
applications in novel devices and as testing grounds for topological phases in 2D materials  
[19, 20].  
The existence of topological states has been reported in experiments on gapped BLG  
[21, 22]. Topological states appear as a pair of states connecting the valence and conduction  
band continua in the energy gap of gated BLG [15, 17, 18, 20]. They are induced by SDWs,  
i.e., when the order of the sublattice changes from AB to BA. Experimentally, a SDW can  
be realized by stretching, corrugating, folding, or introducing defects in one of the layers  
[18, 21, 23, 24]. In a bilayer, topological states allow for transport along the domain wall  
[18]. These states are robust and topologically protected because the valley Chern number  
changes across the SDW [16, 20]. Although these states were first described in topological  
terms, atomistic modelling is required to study their physico-chemical properties in exper- 
imental realizations [25]. Atomistic calculations extend beyond topological considerations  
and predict the survival of topological states in cases with atomic-scale defects present in  
SDWs [24].  
The conducting states that arise at the one-dimensional boundary between two regions  
of gated BLG with different stacking orders are topologically valley protected [16].  The  
gapless states are thus locked in their momentum and characterized by pseudospin due  
to the sublattice symmetry.  Additionally, the states are spin degenerate, and it may be  
necessary to remove the spin degeneracy for future applications, e.g., spintronic devices.  
According to Lieb
′
s theorem for π-vacancies in 2D systems, the spin degeneracy can be  
removed by a magnetic signal driven by a local imbalance between the A and B sublattices  
[26]. Graphene π-vacancies can be created by a large number of experimental methods using  
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Co substituents, radicals, H-doping, and even fluorination [27, 28]. We investigate how the spin 
degeneracy of gapless states is removed by magnetic defects near SDWs in BLG.  
 In this work, we consider the vacancy defects close to the SDW in one of the layers of  
BLG and investigate their interplay with topological gapless states. Vacancies in pristine 
graphene lead to the appearance of localized states and magnetic moments [29-31]; these states 
appear at zero energy and are spin split into a couple of spin-polarized states due to the 
uncompensated sublattices [32-34]. For vacancy defects near the SDW, the defect states interact 
with the topologically protected states in the gap, and the landscape of the states spanning the 
gap changes. Despite the strong perturbation caused by vacancies, we find a topologically 
protected gapless state that is spin split.  
The ability to obtain two gapless channels with different spin orientations, i.e., a 
characteristic of topological insulators, is valuable.  Although the spin is not locked to the 
momentum, we find that one of the two spin channels is strongly locked to the layer with 
vacancies. This result is our most significant observation and implies that vacancy defects can 
drive the current flow in the domain wall predominantly to one layer and one spin orientation, 
which indicates a potential route for the design of a new type of electronic device that could 
exploit features combining spintronics and layertronics [25].  
 
 
II.   MODEL AND METHODS  
We investigate BLG with vacancies close to a SDW, as schematically shown in Fig. 1. We  
note that other experimental realizations of domain walls have common physics parameters,  
which can be described in the first instance by considering the minimal wall [18, 21, 23, 24].  
The system studied is divided into three regions [35]: pristine BLG on the left- and right- 
hand sides of the SDW is treated as the leads and the central region includes the SDW  
with nearby vacancies located in the upper layer. There is translation symmetry along the  
SDW, with the unit cell shown in Fig 1 (b). To calculate the local density of states (LDOS),  
we employ the Green function matching technique [35-38]. The Hamiltonians for the inner  
region and the leads, as well as the Green function for the entire system are self-consistently  
calculated in the mean-field Hubbard model within the π-electron approximation. [39] The  
value of the on-site Coulomb interaction term is set to U = 2.8 eV [40, 41].  The Green  
function and the resulting LDOS are k-dependent due to the periodicity.  
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III.   RESULTS AND DISCUSSION  
We now study the electronic structure of gated BLG with a SDW decorated with va- 
cancies, as shown in Fig. 1. A voltage V = 0.18 eV is applied to the bottom layer. The  
corresponding LDOS for the middle region including the SDW with vacancies, as per Fig. 1,  
is shown in Fig. 2. The green and yellow arrows identify the spin-up and spin-down bands,  
respectively. The spin-up and spin-down states in the valence and conduction band continua  
are superimposed because the induced spin splitting is considered to be almost negligible.  
Away from the cone on the left- and right-hand sides, we find two spin-polarized states. 
These stem from the spin-split vacancy states, which strongly interact with the corresponding 
topological states close to the cone due to the SDW. A detailed analysis of these vacancy 
states confirms their strong localization in the upper layer; the spin-polarized LDOS in the 
upper layer is a few orders of magnitude higher than that in the lower layer.  
At the cone, two spin-polarized states span the entire energy gap. They appear as a result of 
the interaction and mixing of the two spin-degenerate topological states at the SDW with the 
spin-split vacancy band.  The most striking result is the persistence of a topological 
spin-split state in the gap, despite the strong interaction of the electronic structure of BLG 
with the SDW caused by the vacancy defects.  
We also perform calculations for other systems with different distances between consecutive 
vacancies or between vacancies and the SDW. No significant differences are observed in the 
trends of the results presented in Fig. 2. The spin-splitting of the gapless state decreases when 
the distance between vacancies increases. Similarly, when the vacancies move away from the 
SDW region, their role in the extended gapless states weakens, and the spinsplitting slightly 
decreases.  The decrease in the spin-splitting of the topological state for the sparse distribution 
of vacancies can be easily explained; the gapless states are spatially located along the SDW and 
decay away from the domain wall [18].  
The total magnetic moment in the middle region is slightly below 0.6 µB. The moment 
obtained by uncompensated sublattices due to the vacancy is reduced from the a priori value of 1  
µB because the leads pass charge to the vacancy and the SDW region. Furthermore, the induced 
magnetic moment in the topologically protected state is smaller than the vacancy moment, and 
the moments are antiferromagnetically coupled.  
To understand the interplay between the topologically protected states and vacancy  
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states, we remove the observed spin polarization. We performed LDOS calculations with the 
on-site Coulomb interaction set to zero, i.e., hindering spin-splitting of the involved states. In 
the first instance, we find one gapless state before spin polarization is included.  This finding 
is further clarified by modelling the interaction of the spin-degenerate gapless states with the 
localized vacancy state. We use a three-band Hamiltonian: 
 
 
Hvac−SDW (k) = 
 
 
  
  
  
 
 
−αk 
1 
1 
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−αk + V 0 
0 0 
 
 
 
  (1) 
,  
where γ1 is the interlayer hopping, V is the gate voltage responsible for the gap opening, and γ2 
represents the interaction between the gapless states and the vacancy state at zero energy. The 
diagonal −αk terms are related to the topological states at the K valley; the zero-energy 
diagonal term denotes the flat vacancy state. We include the vacancies in the top layer and the 
gate in the bottom layer.  By solving the eigenproblem for Hvac−SDW it becomes clear that 
the interaction between the topological states and the vacancy state implies the survival of a 
topological state along the gap. Other results and further discussion are presented in the 
Supplementary Information.  
We next investigate the spin-polarization gain of the topological states after including the  
vacancy states and how this gain depends on the gate voltage. We consider the layer-resolved  
LDOS for the gapless state at the Fermi energy. This LDOS is calculated by accounting for  
the contribution from the atoms in the middle region and integrating over k-values in a range  
of ± 0.1 around the point where the topological state crosses the Fermi level. Fig. 3 (a) and  
(b) show the LDOS in the lower and upper layers for two values of gate voltage V = 0.18  
eV and V = 0.36 eV, respectively. The LDOS of topological states is mainly spin-down and  
localized strongly in the upper layer, especially because the vacancy is in the same layer. The  
magnetic coupling shows opposite spin polarization to the vacancy state, as noted above.  
The separation of the spin-up and spin-down gapless states depending on k values, different  
for voltages V < γ1 and V > γ1, is shown in Figs. 3 (a) and (b), respectively. This reflects  
the fact that with an increasing voltage, the calculated spin splitting decreases because the  
energy of the π-vacancy state decreases for higher voltages and interacts more with the  
valence bulk continuum. The spin-down contribution of the topological state increases and  
is primarily localized in the upper layer, especially for voltages V > γ1.  
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The spin polarization of the topological state for experimentally attainable voltages is  
mainly spin down, and thus almost all the current flow in the SDW will have the same spin  
orientation mostly localized in one layer, as shown schematically in Fig. 3 (c). Therefore,  
the presence of vacancies in BLG with a SDW affords not only spin splitting of gapless states  
but also allows for partial locking of the spin to a single layer. This effect could allow the  
exploitation of BLG in spintronics and relates to the role of magnetic impurities in general.  
 
 
IV.   CONCLUSIONS  
We searched for a method to spin split the topologically protected gapless states, which  
are induced by SDW, that appear in gated BLG to render them useful in spintronic  
applications. Spin splitting can be accomplished by introducing magnetic defects, which we  
modelled as π-vacancies. We found that despite the strong perturbation of the topological  
gapless states caused by the presence of vacancies, a topological state connecting the  
valence and conduction bands survived in the gap.  Its spin degeneracy was lifted, and  
the state was locked in one graphene layer. We thus obtained two spin-polarized channels  
for current conductance along the domain wall, which is similar to topological insulators.  
Although the focus of our study was on vacancies, the results could also be extrapolated to  
magnetic atoms near a SDW.  
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pristine BLG SDW with vacancies pristine BLG 
FIG. 1: (a) Schematic representation of the investigated BLG, including a SDW and vacancies.  
The topological gapless states locked to the K valley and momentum are displayed as a couple  
of arrows along the SDW. The green-yellow arrows indicate the vacancy and the related up-down  
components in the magnetic moment.(b) An example of the studied unit cells.  The SDW with  
vacancies is situated in the upper (red) layer and embedded between the left and right leads of  
pristine BLG.  
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FIG. 2: Energy structure near the Fermi level (zero-energy) for gated BLG with SDW and vacancies. The k 
values are given in units of π/a, where a is the period length in the zigzag direction and set as a = 1. A 
gapless state is present in the band gap connecting the valence and conduction bands at the cone, and it is 
spin split due to the interaction with the vacancy band.  
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(a) (b) 
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
SDW region vacancy 
FIG. 3: (a) and (b) Layer-resolved LDOS of spin-polarized gapless states shown in Fig. 2 (marked  
by green and yellow arrows) for the case of BLG with SDW and vacancies for two different gate  
voltages.  Layers are denoted by colours: blue - bottom, red - top.  LDOS values are calculated  
at the Fermi energy and are represented by bar heights. (c) Visualization of current flow along  
the SDW in BLG with vacancies. The sizes of the dots and arrows represent the current and spin 
densities, respectively, in the layers. A current with almost fixed spin orientation flows mainly in the 
upper layer.  
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